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Baryon Acoustic Oscillations and Dynamical Dark Energy 
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We compute the impact of dark energy at last scattering on measurements of baryon acoustic 
oscillations (BAOs). We show that an early dark energy component can contribute a systematic 
uncertainty to BAO measurements of up to 2.5%. Whilst this effect turns out to only slightly affect 
current BAO surveys, the results of future BAO surveys might become biased. We find that BAO 
surveys alone appear unable to resolve this systematic uncertainty, so supplementary measurements 
are necessary. 
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INTRODUCTION 

Current observations [H, [3, H 13, S Hi suggest that 
roughly 70% of our Universe consists of dark energy. It 
seems rather peculiar that in the current Universe, dark 
matter and dark energy contribute roughly equally to- 
wards the total energy density. While cosmological con- 
stant models so far fail to address this issue, dynami- 
cal dark energy models 0, S il might offer an explana- 
tion. If the fractional energy density r2d(a) of dark energy 
evolved within one or two orders of magnitude similar to 
that of dark matter, it comes less to a surprise that this is 
also the case today. In terms of (effective 10]) scalar field 
models, this can e.g. be achieved using exponential po- 
tentials or couplings between dark energy and dark mat- 
ter. Typically, such models contribute < 5% towards 
the energy density at early times z > 10 [HI, [13, E^- 

An important feature of such dark energy models 
is the change of cosmological distances, including the 
sound horizon at last scattering [l^ . In this paper, we 
will therefore extend the analysis of [iBj concerning the 
baryon acoustic oscillations (BAO) to the case of early 
dark energy models. The importance of BAO measure- 
ments as a probe of dark energy has for example been 
pointed out in [l^, [l3|. Furthermore, the BAO data 
extracted from the SDSS luminous red galaxy survey 
[isl was used to constrain parameterizations of dynam- 
ical dark energy models [3, H, 0, 21 1, where it sup- 



plemented Cosmic Microwave Background (CMB) and 
Supernovae la (Sne la) measurements. 



BARYON ACOUSTIC OSCILLATIONS 

The acoustic oscillations of baryons and photons in the 
primeval plasma lead to pronounced peaks in the multi- 
pole spectrum of the CMB. At last scattering, the pattern 
of over and under densities in the baryon fluid remains 
roughly speaking imprinted on scales of the sound hori- 
zon at decoupling. In particular, baryonic oscillations 
leave an imprint on the matter power spectrum. In [iBj 
Eisenstein et al. report the detection of acoustic oscil- 
lations in the redshift-space correlation function of the 
SDSS LRG sample. Starting with a fiducial cosmology of 



ilm = 0.3, r^A = 0.7 and h = 0.7, they obtain constraints 
on flmh^ and Dy(0.35) by fitting numerical simulations 
to the observed spectrum. Z?y(0.35) is the distance to 
z = 0.35, 
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which is chosen such that it correctly accounts for the 
Alcock-Paczynski effect 2^. This effect states that the 
comoving angular diameter distance, Dm{z), and the ra- 
dial distance vary differently with cosmology. Generally 
speaking, a homogeneous quantity (like Dy) which is de- 
rived from an observed three-dimensional Galaxy distri- 
bution has to be defined such that it incorporates quanti- 
ties which vary like angular and radial distance measures 
in the correct relative power, i.e. it has to be quadratic 
in angular and linear in radial distance measures. 

The two measured quantities ^mh"^ and Z3y (0.35) can 
be combined to a single parameter [A) which Eisenstein 
et al. measure as [l5| ^ 



A = Dv(z = 0.35) 



0.35c 



= 0.469 ±0.017. 
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The advantage of using the A-parameter is its explicite 
dependence on E{z) and flm and its independence of the 
Hubble constant Hq, more precisely [l^ 
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where E{z) — H{z)/Ho. This value in combination with 
CMB and Sne la data was used to constrain the equation 
of state of dark energy 13, 21 1 , alternative dark 



energy models [23 
extra light particle masses 




as well as neutrinos and 



EFFECTS OF EARLY DARK ENERGY 



Since the fraction of early dark energy fi^ is con- 
strained by the CMB and Nucleosynthesis to fl^ < 5% 



^ Note that this result is only valid if we are close to the fiducial 
cosmology Qm = 0.3, = 0.7. 
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ll|, it suffices to compute tfie effect of fJ^ on A to first 
order, i.e. 
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The main effect of early dark energy on the BAO mea- 
surement is a clrange of the sound horizon tliat influences 
the positions of the acoustic peaks. Assuming a constant 
early dark energy fraction ri|, the sound horizon at last 
scattering is given by the analytic formula 
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R, 



equ. 



Here, Ris and Requ. is the photon to baryon ratio at 
last scattering and matter-radiation equality respectively, 
i? = I — . This result differs only by a factor of ^1 — 17^ 
from that at vanishing [29] 



(6) 



The actual baryonic sound horizon measured in BAO 
surveys is slightly higher since baryonic waves keep on 
propagating until the end of the Compton drag epoch, 
whereas the CMB oscillations already freeze at last scat- 
tering [3^, 31 1 . The resulting increase of almost 5% in 



the BAO sound horizon is, however, independent of early 
dark energy and can be regarded as a further systematic 
effect which has to be considered in BAO surveys. 

Further note that the sound horizon scale imprinted 
in the baryon correlation function remains basically un- 
changed during structure growth 15, S^]- Hence, while 



early dark energy might shift both Ts and the distance to 
the last scattering surface and thus might not be fully rec- 
ognized in a pure CMB measurement jSSj] , BAO provides 
a direct measure of rg without possible cancelations, since 
in typical early dark energy models the late time evolu- 
tion (between 2 = and z = 0.35) is independent of 

"d- 

To estimate the importance of the effect of early 
dark energy we re-examine the BAO measurement per- 
formed in 15|. An early dark energy component will 
basically cause two effects, it will change the scale of 
the correlation-function and (rather mildly) suppress the 
small scale power of linear fluctuations [34] . The latter 
effect mimics to some extend a running spectral index. 
We assume that this effect is negligible^ compared to the 



^ Lacking N-body simulations for an early dark energy universe, 
we are yet unable to quantify the suppression on small scales. 



change in the sound horizon. An analysis of the BAO 
data including a running spectral index could in the fu- 
ture provide an easy way to estimate the magnitude of 
this second contribution. 

Thus, to first order the only effect of early dark energy 
is a change in the scale of the correlation-function, and 
this scale is in the Eisenstein treatment [3] 1:1 related 
to a change in the distance measure Dy, 



Dv{z = 0.35, ni) = Dv{z = 0.35, Vt^ = 0)^1 - 

_ (7) 

In a simplified model, assuming that all galaxies in the 
survey are located at the same redshift, the physical ex- 
planation for that shift is quite simple. The smaller sound 
horizon compared to a = universe leads to a shift in 
the observed angle of the baryon acoustic oscillations in 
the matter distribution. In order to observe the oscilla- 
tions under the same angle on the sky today, our distance 
to z = 0.35 must hence be smaller by a factor of ^J^~^~^i^ 
to compensate for the shift in Ts- 

As Vli^h^ is independent of fJ^, early dark energy will to 
first order only affect Dv according to ^ . We therefore 
get 



A{ni)^A[ni = Q)^Y^ 
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and 
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As Vl'^ < 5%, early dark energy will systematically reduce 
the BAO-results Dy and A by up to 2.5%, 



lAA] 
A 



\ADv 
Dv 



< 2.5%. 



(10) 



In the case of [15], this would mean a change of A due 
to early dark energy 

|A^1<0.01 (11) 

resulting in a slightly enhanced uncertainty in A, 

^ = 0.469 ±0.017 — > A = 0.469 ±0.020 (12) 

Hence, recent BAO galaxy surveys are just slightly af- 
fected by early dark energy. 

CONSEQUENCES FOR FUTURE BAO SURVEYS 

As also pointed out in [sl], early dark energy leads to 
a miscalibration in BAO measurements which cannot be 
resolved by BAO measurements alone. While the result- 
ing systematic error of up to 2.5% is small compared to 
an error in the range of 4 — 5% for current BAO studies, 
the accuracy of future BAO surveys might reach an ac- 
curacy of 1-2% 

[stI . l38j . Without determining a 
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possible early dark energy component by complementary 
measurements (CMB, nucleosynthesis), the accuracy of 
future BAO surveys is hence dominated by the system- 
atic error of early dark energy. If neglected, these surveys 
will become biased and hence possibly lead to an incor- 
rect determination of cosmological parameters. 



DETERMINATION OF EARLY DARK ENERGY 
WITH BAO SURVEYS 

In the preceding sections we have assumed that BAO 
measurements are used to obtain constraints on late-time 
cosmological parameters. Adding the early dark energy 
dependence to BAO at first sight provides us with the 
possibility to constrain early dark energy with BAO mea- 
surements. However, running a Monte Carlo simulation 
with the WMAP 3- year data [3], Sne la 2] and the mod- 
ified Eisenstein BAO value showed that the bounds on 
f2j coming from the CMB are considerably stronger than 
those coming from BAO: adding the il| dependence ac- 
cording to (O gives no difference to the results obtained 
in [39j. The picture stays the same when reducing the 
error of A to 1%, thus indicating that also future BAO 
surveys need to be supplemented by alternative future 
measurements which constrain with a higher precis- 
sion. For example, the upcoming Planck mission might 
provide considerably stronger bounds on Q'^. 



CONCLUSIONS 

Considering impacts of early dark energy to the mat- 
ter power spectrum, we estimated possible changes to 
Baryon Acoustic Peak measurements. We found that for 
the case of Eisenstein et al. these changes are roughly a 
factor of two smaller than the experimental errors on the 
A-parameter measured by Eisenstein et al. However, for 
future BAO surveys the systematic error caused by early 
dark energy might dominate the results, thus demanding 
subsidiary determinations of f2j. 
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